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ExtractionAbstract In the present paper the experimental data of extractive desulfurization of liquid fuel
using 1-butyl-3-methylimidazolium tetraﬂuoroborate [BMIM]BF4 have been presented. The data
of FTIR, 1HNMR and 13C NMR have been discussed for the molecular conﬁrmation of synthesized
[BMIM]BF4. Further, the thermal properties, conductivity, solubility, and viscosity analysis of the
[BMIM]BF4 were carried out. The effects of reaction time, reaction temperature, sulfur compounds,
and recycling of ionic liquid without regeneration on dibenzothiophene removal of liquid fuel were
presented. In extractive desulfurization process, the removal of dibenzothiophene in n-dodecane was
73.02% for mass ratio of 1:1 in 30 min at 30 C under the mild reaction conditions. The ionic liquids
could be reused four times without a signiﬁcant decrease in activity. Also, the desulfurizations of real
fuels, multistage extraction were presented. The data and results provided in the present paper
explore the signiﬁcant insights of imidazoled ILs for extractive desulfurization of liquid fuels.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Sulfur compounds present in liquid fuels may possibly be
changed into SOX in fuel engine which pollute the air and
causes acid rain, the combustion efﬁciency of fuels may be re-
duced by sulfur compounds (S-compounds) which destroy the
active catalyst, and promote the emissions of pollutants.
Hence, to reduce the content of sulfur as much as possible
is a substantial task to produce clean sulfur free fuels
(Yu et al., 2011).
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comprehensively used for extractive desulfurization of liquid
fuels (Isao and Choi, 2004; Tropsoe et al., 1997; Ma et al.,
1994), where S-compounds react with H2 and converted into
H2S and hydrocarbons (Ferrari et al., 2001; Dumeignil et al.,
2006; Pawelec et al., 2001). HDS process is able to remove
aliphatic thiols, sulﬁdes, and disulﬁdes effectively, whereas
it is not as much efﬁcient for some thiophenic S-compounds
like dibenzothiophene (DBT) and its derivatives (Girgis and
Gates, 1991). For environmental protection purpose, many
countries have mandated reduction of S-level in fuels down
to 10 ppm by 2012, and with more stringent regulatory
constraint, no sulfur fuels in the next few years are
expected (Lu et al., 2006; Nie et al., 2007; Kabe et al., 1992;
Huang et al., 2004).
In recent years, several technologies such as extractive
desulfurization (EDS), selective adsorption, catalytic oxida-
tion, and biodesulfurization were applied. Among these,
EDS is an eye-catching technology, which may be carried
out at ambient temperature, pressure, and without H2 as a cat-
alyst. A good extractant must have good extractive ability for
sulfur compounds, free of contamination to the fuels, non-tox-
icity, environmental benignity, and stability for repetitive use
(Dharaskar et al., 2013). Conventional solvents have their
own boundaries of environmental issue, reuse capability, etc.
which may be overcome by ionic liquids (ILs) (Jiang et al.,
2008).
Over the past decade, ILs have fascinated much interest
and have been regarded as an environmentally benign sol-
vent. ILs have been studied for many possible applications
for green chemical processes, such as an ion conductive
matrix, reaction solvent (Li, 2004; Dharaskar et al., 2013).
Based on the excellent performance, many research studies
have been done about the effectiveness of ILs in some extrac-
tion processes, such as desulfurization and denitrogenation.
[BMIM]BF4 with a mass ratio of 1:1 between tetraﬂuorobo-
rate anion and imidazole cation has not been investigated
in detail for EDS of liquid fuels.
A new class of green solvents, known as ILs have been
extensively employed in green chemistry instead of organic sol-
vents because of their low melting point, wide liquid range,
negligible vapor pressure and good solubility characteristics
etc., (Al-Shahrani et al., 2007) which can competently avoid
further environmental concerns.
ILs are usually composed of heterocyclic organic cations
and various anions. ILs can be liquid at low temperatures of
96 C and some are at over 400 C (Dharaskar et al., 2013;
Li, 2004; Earle and Seddon, 2000; Zhou and Antonietti,
2003). ILs can be easily synthesized for any speciﬁc application
either by careful selection of cation or anion or both, or by
attaching new functional groups, such as amide, nitrile, amine,
sulfonic acid, ether, alcohol, carboxylic, and thiols, to the
structure to impart the desired properties (Muhammad et al.,
2011).
In the present work, imidazolium based [BMIM]BF4 was
synthesized, characterized and used for extractive desulfuriza-
tion of liquid fuel. The data of FTIR, 1H NMR, 13C NMR,
thermal properties, conductivity, solubility, and viscosity have
been presented. [BMIM]BF4 was selected as a representative of
imidazolium IL to systematically investigate the effect of time,
temperature, sulfur compounds, recycling of spent IL withoutregeneration, desulfurization of real fuels, and multistage
extractions for extractive desulfurization of liquid fuels.2. Experimental section
2.1. Chemical and materials
IL used in the experiment was synthesized using analytical
grade chemicals. The details of the chemicals used are as
follows: 1-methylimidazole (CAS 616-47-7, Acros, 99%),
1-bromobutatne (CAS 109-69-3, Acros, min 99%), NaBF4
(CAS 237-340-6, Sigma Aldrich, 98%), Acetone (CAS 20003-
L25, SDFCL, 99.5%), Ethyl Acetate (CAS 20108-L25,
SDFCL, 99.5%), dibenzothiophene (DBT) (CAS 132-65-0,
Acros, 98%), n-dodecane (CAS 94094-93-6, Acros, 99%),
Benzothiophene (BT) (CAS 95-15-8, Sigma–Aldrich, 99%),
Thiophene (T) (CAS 110-02-1, Sigma Aldrich, 99%), 3-meth-
ylthiophene (3-MT) (CAS 616-44-4, Sigma–Aldrich, 98%).
All chemicals were used without any further puriﬁcation. Real
fuels were purchased from Local Petroleum Pump House,
Nagpur, Maharashtra (India).
2.2. Synthesis of IL
2.2.1. Synthesis of [BMIM]Br
10.8 g (0.8 mol) of bromobutane and 8.2 g (0.1 mol) of 1-meth-
yimidizole were mixed in three round neck bottomed ﬂasks ﬁt-
ted with a reﬂux condenser for 48 h at 70 C with stirring until
formation of two phases. The top layer contains unreacted
material which was decanted and 30 ml organic solvent (ethyl
acetate) was added with comprehensive mixing. Decanted
ethyl acetate was followed by adding fresh ethyl acetate twice.
Then, the reaction mixture was washed with ethyl acetate to
eliminate unreacted material. After the third decanting of ethyl
acetate, remaining solvent was removed by heating at 70 C.
The obtained pale yellow liquid was vacuum distilled and the
intermediate product was placed for vacuum drying at 80 C
in a vacuum drying oven (Tshibangu et al., 2011).
2.2.2. Synthesis of [BMIM]BF4
6.57 g (0.03 mol) [BMIM]Br and 3.29 g (0.03 mol) NaBF4 were
added to the single mouth ﬂask with a deﬁnite amount of ace-
tone as solvent, for 10 h at 40 C under vigorous stirring. The
reaction mixture was ﬁltered, and vacuum distilled. Dichloro-
methane was added to the residue of [BMIM]Br and NaBF4,
and white solids precipitated were obtained. Then, the solid
precipitate was separated by ﬁltration. Finally, the product
was vacuum dried in an oven at 80 C for 2 h to remove the
traces of dichloromethane (Da-peng et al., 2010). The typical
synthesis route of [BMIM]BF4 is shown in Fig. 1.
2.3. Model liquid fuel preparation
Amodel liquid fuel with 500 ppmw (parts per million by weight)
sulfur (DBT as sulfur source) was prepared in n-dodecane. Sim-
ilarly, the model liquid fuels were prepared by dissolving BT, T,
and 3-MT individually in n-dodecane respectively. Actual diesel
and gasoline with total S-content of 385.13 and 180.79 ppmw
respectively were used.
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100 ml two necked ﬂasks were used for the extractive desulfur-
ization experiments where 10 ml model liquid fuel and deﬁned
amount of IL with various mass ratios (model fuel to IL as 5:1,
3:1, and 1:1) were mixed by vigorous stirring for time range be-
tween 5 and 30 min at 30 C in a water bath. The upper phase
(model liquid fuel) was separated after completion of the reac-
tion and settling of the reaction mixture. The upper phase (fuel
phase) was analyzed for the sulfur content. The extraction efﬁ-
ciency is presented in terms of the sulfur removal based on the
initial and ﬁnal sulfur content in the fuel.
2.5. Instrumentation
A structure of the [BMIM]BF4 was analyzed by Fourier trans-
form infrared (FTIR) Shimadzu IR-Afﬁnity 1 Spectrometer
(Japan), using the method of KBr pellet. The [BMIM]BF4
was characterized by 1H NMR and 13C NMR using CDCl3
as solvent on a Varian, USA Mercury Plus 300 MHz for 1H
NMR and 76 MHz for 13C NMR spectrometer for the deter-
mination of molecular structures and conformations. Thermal
stability of [BMIM]BF4 was determined with SII Co. Exstar
TG/DTA (Japan) Thermo-gravimetric analyzer in order to
know their upper temperature limit. The sample (10–20 mg)
was placed in an aluminum pan and heated above a tempera-
ture range of 30–500 C at a heating rate of 20 C min1. The
total time given to analyze the thermal stability was 23.5 min
over a temperature range from 30 to 500 C.
Conductivity of [BMIM]BF4 was measured by PICO
+ (Lab
India) pH/conductivity meter. Viscosity of [BMIM]BF4 was
measured using ARG2 Rheometer (TA instruments USA). Sol-
ubility of ILs and various solvents are placed into a 50 ml round
bottom ﬂask, magnetically stirred and allowed to settle. After
phase equilibrium and splitting, the top layer was analyzed by
high performance liquid chromatography (HPLC) (Agilent
Technologies, 1200 series equipped with a UV–Vis detector un-
der 237 nmwavelength, column (C-18), mobile phase, methanol/
water = 80/20, ﬂow rate, 1.0 ml/min). The sulfur content in
model liquid fuel and real fuels before and after extraction was
analyzed by X-ray Fluorescence Spectrometer (XRF), Model
PW 2404, Phillips (now, PANAlytical, The Spectris Technology,CH3
N
N
+ BrH3C
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Figure 1 Synthesis route of [BMIM]BF4.Netherlands), Centre of Sophisticated Analytical Instrumental
Facility (SAIF), Indian Institute of Technology (IIT), Mumbai
(M.S.), India. The contact time of 30 min between themodel fuel
and IL phase is more than enough to achieve the equilibrium. So
the optimum time required for the desulfurization of model fuel
was 30 min. However, [BMIM]BF4 was best suitable to remove
DBT reﬂected at 35 C which was taken as the optimal reaction
temperature.
2.6. Characterization of [BMIM]BF4
FTIR, 1H NMR, and 13C NMR analyses were carried out for
characterization of IL.
2.6.1. FTIR analysis
The FTIR spectra of [BMIM]BF4 are shown in Fig. 2. The
peaks of wave number of 2941 and 2877 cm1 are the aliphatic
asymmetric and symmetric (C–H) stretching vibrations and in-
plane bending vibrations at 1193 and 1112.93 cm1 are due to
methyl groups. A broad peak in the range of 3124.68–
3200.97 cm1 is due to quaternary amine salt formation with
tetraﬂuoroborate. Peaks at wave number 1655 and
1465.9 cm1 are due to C‚C and C‚N stretchings. Peak at
wave number 748.38 and 623.01 cm1 is due to C–N stretching
vibration. Based on FTIR analysis, It was conﬁrmed that a
synthesized IL was [BMIM]BF4.
2.6.2. 1H NMR and 13C NMR analysis
For all NMR analysis, approximately 30 mg of the IL was
added into a 5 mm NMR tube. A stem coaxial capillary tube
loaded with 0.5 ml of solute was inserted into the 5 mm
NMR tube. 1H NMR data (Fig. 3) in ppm (d) from the inter-
nal standard (TMS, 0.0 ppm), chemical shift (multiplicity, inte-
gration), and the 13C NMR data (Fig. 4.) in ppm (d) were
reported. The results of 1H NMR and 13C NMR analysis of
[BMIM]BF4 are given as follows:
1H NMR (300 MHz, CDCl3): d (ppm) 8.857 (2, 1H, t),
7.417 (3, 1H, t), 7.257 (3, 1H, t), 4.191 (6, 2H, t), 1.864
(7, 2H, m), 1.358 (8, 2H, m), 0.959 (9, 3H, t), 3.962 (10,
3H, s).
13C NMR (76 MHz, CDCl3): d (ppm) 135.99 (C2), 123.80
(C4, d), 126.5 (C5, d), 49.57 (C6, d), 31.86 (C7), 19.25
(C8), 13.27 (C9), 36.04 (C10) (see Scheme 1).
3. Results and discussion
The thermal properties, conductivity, solubility and viscosity
analysis of IL were also presented. The production of pure
IL is very important since impurities have a strong inﬂuence
on their physical properties and stability.
3.1. Thermal analysis
In [BMIM]BF4, the onset of thermal decomposition started at
318.2 C with weight loss of 44.4% and decomposition ends
around 445.3 C with weight loss of 65.7% as shown in
Fig. 5. This shows a high thermal stability of the synthesized
[BMIM]BF4.
Figure 2 FT-IR spectra of [BMIM]BF4.
Figure 3 1H NMR spectra of [BMIM]BF4.
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IL conductivity mainly depends on mobility of its cation
because the diffusion coefﬁcients of ILs cations are higher
than anions. ILs based on imidazolium cations have the
highest ionic conductivity. ILs showing the highest conduc-
tivities, e.g., 1-ethyl-3-methylimidazolium thiocyanate and
dicyanamide exhibit the lowest electrochemical stabilities.When conductivity and thermal stability are both required
in a separation or extraction process, imidazolium based
ILs with stable anions e.g., tetraﬂuoroborate or triﬂuorom-
ethylsulfonate are applied (Faridbod et al., 2011).
[BMIM]BF4 shows conductivity value of 1180 (ls cm
1)
which is comparatively small. After exchanging of anion,
the conductivity of IL could be increased. So, IL has great
Figure 4 13C NMR spectra of [BMIM]BF4.
N N
BF41
2
3
4 5
6
7
8
9
10
Scheme 1 NMR analysis of [BMIM]BF4.
582 S.A. Dharaskar et al.advantages as compared to conventional organic solvents
(Liu et al., 2008).
3.1.2. Viscosity analysis
Viscosity of IL varies inversely with respect to shear rate. The
larger cation structure of ILs has more viscosity due to an in-
crease in intermolecular van der waals interactions. Longer al-450.0400.0350.0300.0250.0200.0150.0100.050.0
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Figure 5 Thermo-gravimetric analysis of [BMIM]BF4.kyl chains of the cation make the liquid more viscous. Table 1
represents that as shear rate increases from 0 to 250 (s1), vis-
cosity of [BMIM]BF4 decreases from 0.1725 to 0.1686 (Pa.s)
respectively. Also it was observed that most favorable viscosity
found to be at a shear rate of 250 (s1). Similar trends were ob-
served in the literature (Ziyada et al., 2011; Chen et al., 2012).
Similarly, viscosity of IL decreases with respect to shear
time at constant temperature (298.2 K) as shown in Table 1,
it was observed that the best possible value of viscosity was ob-
tained at 670.55 (s). Similar trends were reported in the litera-
ture (Chen et al., 2012).
3.1.3. Solubility analysis
The solubility of IL with six conventional solvents was studied.
ILs may be dissolved in some conventional organic solvents
such as methanol, acetonitrile, ethanol, acetone and water,
but not in all the organic solvents (e.g., IL not dissolved in
ethyl acetate). The IL solubility might be changed by changing
the anions. Novel two-phase system can be created and used
for various applications such as synthesis and extraction
(Sun and Zhao, 2006). For the application of IL extractant
the solubility mechanism of IL is needed. The imidazolium
based IL solubility in liquid fuel may give rise to extractant
loss and liquid fuel contamination. This results suggest that
the solubility of imidazolium based IL in liquid fuel has to
be optimized for future applications.
3.2. Effect of reaction time on sulfur removal
The extractions of model fuel (DBT in n-dodecane) with
[BMIM]BF4 were carried out for 5, 10, 20, and 30 min at
30 C with mass ratios of 5:1, 3:1, and 1:1 (Mass ratio of model
liquid fuel to IL) as shown in Fig. 6. The desulfurization pro-
Table 1 Effect of shear rate and shear time on viscosity of [BMIM]BF4.
Shear stress (Pa) Shear rate (s1) Viscosity (Pa.s) Time (s) Temperature (K) Normal stress (Pa)
1.735 10.00 0.1735 40.482 298.2 114.8
2.180 12.59 0.1731 85.582 298.2 113.0
2.734 15.85 0.1725 130.53 298.2 108.5
3.431 19.95 0.1720 175.50 298.2 111.5
4.310 25.12 0.1716 220.55 298.2 113.9
5.392 31.62 0.1705 265.53 298.2 110.3
6.775 39.81 0.1702 310.52 298.2 110.2
8.517 50.12 0.1699 355.51 298.2 109.5
10.71 63.10 0.1697 400.52 298.2 107.0
13.46 79.43 0.1694 445.49 298.2 108.2
16.92 100.0 0.1692 490.50 298.2 109.0
21.27 125.9 0.1690 535.52 298.2 108.6
26.75 158.5 0.1688 580.56 298.2 107.6
33.67 199.5 0.1687 625.52 298.2 106.7
42.14 250.0 0.1686 670.55 298.2 99.96
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decreased with an increase in extraction time and was reduced
from 500 to 238.72 ppmw (S-removal 52.2%), 193.85 ppmw
(S-removal 61.2%), and 154.20 ppmw (S-removal 69.1%) with
mass ratios of 5:1, 3:1, and 1:1 respectively in 20 min. How-
ever, S-concentration decreased continuously with an increase
in extraction time and reduced from 500 to 230.65 ppmw (S-re-
moval 53.9%), 169.55 ppmw (S-removal 66%), and
134.9 ppmw (S-removal 73%) with mass ratios of 5:1, 3:1,
and 1:1 respectively in 30 min.
At the initial stage of the reaction, sulfur content in the
model fuel was very high hence the extraction rate became high
with high S-removal rate. As the reaction proceeds extraction
rate becomes low with S-removal rate no longer distinctly in-
creases. The results, in Fig. 6, show that contact time of
30 min between the model liquid fuel and IL phase is more
than enough to achieve the equilibrium. So the optimum time
required for the desulfurization of model fuel was 30 min. The
result indicated that the reaction is fast enough to reach
equilibrium.
Imidazolium ILs are more capable of efﬁciently extracting
DBT than other S-containing compounds (Asumana et al.,Figure 6 Removal of sulfur from model fuel (DBT in n-
dodecane) using [BMIM]BF4 at different extraction time. (Tem-
perature = 30 C, Initial sulfur concentration = 500 ppmw).2010; Yu et al., 2011). This observation was also reported in
other IL extraction process for imidazolium based ILs which
was attributed for higher polarizable p-electron density of
DBT which tends to insert the molecular structure of ILs
(Nie et al., 2006). DBT extraction with imidazolium based
[BMIM]BF4 is recognized to the p–p interaction between the
aromatic ring of imidazolium and the thiophenic ring of
DBT. The better DBT removal ability of [BMIM]BF4 is likely
to enhance p–p interactions, since, the cation (–C„N) group
in the [BMIM]BF4 anions may interact with the thiophenic
ring of DBT (MuMurry, 1992).3.3. Effect of reaction temperature on sulfur removal
Reaction temperature plays a vital role in the extractive desul-
furization process, Fig. 7 shows the effect of the reaction tem-
perature (20, 25, 35, 45, and 55 C) on the removal of sulfur.
As shown in Fig. 7, with the increasing reaction temperature
from 20 to 35 C, the removal efﬁciency of sulfur increases ini-
tially and then decreases. This effect may be attributed that
when the reaction temperature was less than 45 C, as temper-
ature increases the viscosity of IL reduced and then the ﬂexibil-
ity of IL was also improved which forms a viscous ﬂow layer.
Thus, DBT removal efﬁciency in the model fuel by IL in-
creased. When temperature exceeds 35 C, the ﬂexibility of
IL is not noticeably improved. Moreover, S-removal rate will
no longer increase and even to some extent decline (Cun
et al., 2011).
Therefore, [BMIM]BF4 was best suitable to remove DBT
reﬂected at 35 C which was taken as the optimal reaction tem-
perature. The S-content of the model fuel decreased from 500
to 254.64 ppmw (49% S-removal), 194.8 ppmw (61% S-re-
moval), and 122 ppmw (75.6% S-removal) with mass ratios
of 5:1, 3:1, and 1:1 respectively as shown in Fig. 7. A signiﬁcant
drop in S-removal was observed when reaction temperature
reached 55 C, and the S-removal was only 21.9%, 40%, and
49.3% with mass ratios of 5:1, 3:1, and 1:1 respectively. Insen-
sitivity to temperature was also observed in other extraction
systems such as [BPy]BF4 (Wang et al., 2007), [(CH2)4SO3H-
MIM]Tos (Liu et al., 2008), [BMIM]BF6 and [BMIM]PF6
(MuMurry, 1992). Subsequently, sulfur extraction may be
Figure 7 Removal of sulfur from model fuel (DBT in n-
dodecane) using [BMIM]BF4 at different extraction temperature
(C). (Temperature = 20 – 55 C, Extraction time = 30 min,
Initial sulfur concentration = 500 ppmw).
584 S.A. Dharaskar et al.performed at room temperature, which is encouraging for less
energy consumption.
3.4. Effect of S-compound on sulfur removal
Table 2 represents the molecular structures and properties of
S-compounds normally found in real fuels such as diesel and
gasoline on extraction with pure hydrocarbons. It might be
seen that results for thiols, sulﬁdes, and related compounds
are quite low (Liu et al., 2008). However, the results for
DBT, T, BT, and 3-MT are excellent. Table 2, shows that
the most likely mechanism for the extraction of S-compounds
with [BMIM]BF4 is the formation of liquid clathrates and p–p
interactions between aromatic structures of the extraction
target and the imidazolium ring system (Liu et al., 2008).
In real fuels, many nitrogen, oxygen, and aromatic com-
pounds have existed, which decreased the extraction perfor-
mance of the IL for S-containing compounds. In real diesel,
there were different kinds of alkyl substituted DBTs that are
present such as BT, T, and 3-MT. The removal of DBT
reached 66% in 30 min. However, the removal of BT, T, and
3-MT was only 63.9%, 53.8%, and 47.9% within 30 min
respectively as shown in Table 2 compared with DBT, the
electron density on the sulfur atom on BT, T, and 3-MT is
lower, which leads to the lower reactivity of S-compounds
(Huang et al., 2010). However, the reactivity of the DBT
decreased with increasing methyl substitutes at the deriva-
tive substitute positions, the reactivity sequencing was
DBT> BT> T> 3-MT (Ge et al., 2011).
From Table 3, it has been also observed that the removal of
DBT using commercial imidazolium ILs was much promising
for S-removal and shows the highest removal efﬁciency of sulfur
with a ﬁxed mass ratio of model liquid fuel to ILs as 5:1 in 30 min
at 30 C. The results suggested that using commercial imidazoli-
um based ILs S-removal reached 79% in 30 min in comparison
with synthesized ILs. However, the removal of BT, T, and 3-
MT was 73.7%, 62.2%, and 56.1% within same time respectively
as shown in Table 3. These results also represented the same reac-
tivity sequencing which was DBT> BT>T> 3-MT.3.5. Recycling of [BMIM]BF4 without regeneration
In practical processes, considering the high cost of ILs regen-
eration process is needed. The S-extraction performance of
the [BMIM]BF4 without regeneration was investigated and
the results are shown in Table 4, which shows the desulfuriza-
tion efﬁciency of [BMIM]BF4 without regeneration was re-
used up to four cycles. It was seen that the spent IL was
able to remove DBT from liquid fuel even without regenera-
tion, nevertheless, at a lower efﬁciency of 30% from 53.9%,
31.2% from 66%, and 38.8% from 73% with mass ratios
of model fuel to IL as 5:1, 3:1, and 1:1 respectively with spent
IL. Reduction of S-removal might be recognized by DBT
which is dissolved in IL and decreased the extraction perfor-
mance of IL. These results indicated that after the IL was
recycled four times, the rate of S-removal decreases slightly
(Chen et al., 2012).
3.6. Desulfurization of real fuels using [BMIM]BF4
Real fuel extraction such as diesel and gasoline is much more
difﬁcult due to its typical content of various S-compounds and
other impurities. The results of extractive desulfurization of
diesel and gasoline with imidazolium ILs are also promising.
[BMIM]BF4 displays high S-removal capability from diesel
and gasoline in single stage extraction in 30 min at 30 C with
mass ratios of 5:1, 3:1, and 1:1 as shown in Table 5.
[BMIM]BF4 exhibits the best sulfur extraction ability for S-re-
moval in diesel which was reduced from initial sulfur of 385.13
to 278.31 ppmw (27.7% S-removal), 230.58 ppmw (40.1% S-
removal), and 170.27 ppmw (55.8% S-removal) with mass ra-
tios of 5:1, 3:1, and 1:1 in single stage extraction respectively.
However, in gasoline it was reduced from initial sulfur of
180.79 to 99.78 ppmw (44.8% S-removal), 73.78 ppmw
(59.2% S-removal), and 54.07 ppmw (70% S-removal) with
mass ratios of 5:1, 3:1, and 1:1 in single stage extraction respec-
tively. Diesel and gasoline contain more heteronuclear com-
pounds than the model fuel, such as nitrogen and sulfur
containing compounds (alkylthiophene and benzothiophne)
which decrease the ability of imidazolium [BMIM]BF4 for S-
removal. Because of the steric effect of the alkyl group in the
aromatic rings, methyl-thiophene, methyl-benzothiophene,
methyl-dibenzothiophene, etc., S-containing compounds in
diesel and gasoline are extracted less than DBT in the model
fuel by ILs (Wang et al., 2007).
3.7. Multistage extraction
Although a high S-removal by [BMIM]BF4 is obtained as
shown in Table 5, the ﬁnal S-content in fuels cannot meet
the deﬁnite requirement of low sulfur fuels (e.g., <10–
50 ppm). Consequently, multistage extractions are performed,
and the results are shown in Tables 6 and 7 respectively. The S-
content in diesel drops signiﬁcantly from 385.13 to
190.99 ppmw (50.4% of S-removal) after 4 cycles and the S-
content in gasoline reduced from 180.79 to 49.90 ppmw
(72.4% of S-removal) after 4 cycles with a ﬁxed mass ratio
of model fuel to IL as 5:1, within 30 min at 30 C. As a result
multiple extractions are effective for the reduction of S-content
of liquid fuel to a considerably negligible amount. Similar re-
sults were reported in the literature (Wang et al., 2007).
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Table 2 Effect of S-compounds on extraction with [BMIM]BF4.
Entry S-compound Molecular
structures
Melting
point (C)
Boiling
point (C)
Molar
mass (g/mol)
Density
(g/cm3)
Flash
point (C)
S-content
(ppmw)
S-removal
(%)
1 DBT
(C12H8S)
98–100 332 184.26 1.252 – 169.55 66
2 BT
(C8H6S)
32 221 134.2 1.15 110 180.49 63.9
3 T
(C4H4S)
38 84 84.14 1.05 – 231.09 53.8
4 3-MT
(C5H6S)
69 114 98.17 1.016 12 260.30 47.9
Temperature = 30 C, mass ratio of model fuel to IL = 3:1, extraction time = 30 min, Initial sulfur concentration = 500 ppmw.
Table 3 Effect of S-compounds on extraction with commercial imidazolium ILs.
Entry S-compound IL S-content (ppmw) S-removal (%)
1 DBT 114.86 77
BT [BMIM]Cl 144.65 71
T 204.09 59.2
3-MT 235.70 52.9
DBT 104.65 79
2 BT [BMIM]Br 131.55 73.7
T 189.21 62.2
3-MT 219.31 56.1
DBT 147.38 70.5
3 BT [BMIM]BF4 172.29 65.5
T 227.56 54.5
3-MT 260.11 48
4 DBT 129.80 74
BT [BMIM]BF6 164.39 67.1
T 219 56.2
3-MT 250.50 49.9
Temperature = 30 C, mass ratio of model fuel/IL = 5:1, extraction time = 30 min, initial sulfur concentration = 500 ppmw.
Table 4 Recycling of spent [BMIM]BF4 without regeneration.
No. of Run S-removal (%)
(Model fuel/IL = 5:1) (Model fuel/IL = 3:1) (Model fuel/IL = 1:1)
1 53.9 66 73
2 49.4 55.1 61.5
3 41.5 43.2 50
4 30 31.2 38.8
Model fuel = (n-dodecane + DBT), temperature = 30 C, extraction time = 30 min, initial sulfur concentration = 500 ppmw.
Synthesis, characterization and application of 1-butyl-3-methylimidazolium tetraﬂuoroborate 5854. Conclusion
Imidazolium ILs can be used for extractive desulfurization of
liquid fuels, mainly with regard to those S-compounds that
are very complicated to eliminate by common HDS process.[BMIM]BF4 is the most efﬁcient in the removal of DBT con-
taining liquid fuels and it can reach to 73.02% for single stage
extraction at 30 C in 30 min with a mass ratio of 1:1, which is
the noteworthy progress of EDS over HDS process. The data
and results of presented work could provide signiﬁcant insights
Table 5 Desulfurization of diesel and gasoline with [BMIM]BF4.
Diesel/IL (mass ratio) S-content (ppmw) S-removal (%) Gasoline/IL (Mass Ratio) S-content (ppmw) S-removal (%)
5:1 278.31 27.7 5:1 99.78 44.8
3:1 230.58 40.1 3:1 73.78 59.2
1:1 170.27 55.8 1:1 54.07 70
Temperature = 30 C, extraction time = 30 min, initial sulfur concentration of diesel and gasoline = 385.13 and 180.79 ppmw.
Table 6 The multistage extraction performance of
[BMIM]BF4 for diesel.
No. of Stages S-content (ppmw) S-removal (%)
1 278.31 27.7
2 250.19 35
3 205.24 46.7
4 190.99 50.4
Temperature = 30 C, mass ratio of diesel/IL = 5:1, extraction
time = 30 min, initial sulfur concentration = 385.13 ppmw.
Table 7 The multistage extraction performance of
[BMIM]BF4 for gasoline.
No. of Stages S-content (ppmw) S-removal (%)
1 99.78 44.8
2 80.21 55.6
3 65.79 63.6
4 49.90 72.4
Temperature = 30 C, mass ratio of gasoline/IL = 5:1, extraction
time = 30 min, initial sulfur concentration = 180.79 ppmw.
586 S.A. Dharaskar et al.of imidazolium ILs. Thus, the EDS method could be devel-
oped into a simple, mild, and environmentally benign method
for deep desulfurization.Acknowledgment
Authors gratefully acknowledge the ﬁnancial support by the
Council of Scientiﬁc Industrial Research (CSIR) Grant
number (22(0492)/09/EMR-II), Government of India, India
(Principal Investigator: Dr. Kailas L. Wasewar).References
Al-Shahrani, F., Xiao, T., Llewellyn, Barri, S., Jiang, Z., Shi, H.,
Martinie, G., Green, M., 2007. Desulfurization of diesel via the
H2O2 oxidation of aromatic sulﬁdes to sulfones using a tungstate
catalyst. Appl. Catal. B 73, 311–316.
Asumana, C., Yu, G., Li, X., Zhao, J., Liu, G., Chen, X., 2010.
Extractive desulfurization of fuel oils with low viscosity dicynamide
based ionic liquids. Green Chem. 12 (11), 2030.
Chen, X., Liu, G., Yuan, S., Asumana, C., Wang, W., 2012. Extractive
desulfurization of fuel oils with thiazolium based ionic liquids. Sep.
Sci. Technol. 47, 819–826.
Cun, Z., Feng, W., Xiao-yu, P., Xiao-qin, L., 2011. Study of
extraction-oxidation desulfurization of model oil by acidic ionic
liquid. J. Fuel Chem. Technol. 39 (9), 689–693.Da-peng, L., Xiao-ling, H., Ya-mei, Z., Ping, G., Jing-Yang, Y., 2010.
4th International conference on bioinformatics and biomedical
engineering (ICBBE), Study of green solvents 1-butyl-3
methyimidazoilum ionic liquids structures and properties. IEEE,
1–4.
Dharaskar, S., Wasewar, K., Varma, M., Shende, D., 2013a. Extrac-
tive deep desulfurization of liquid fuels using Lewis based ionic
liquids. J. Energy, 1–4.
Dharaskar, S., Wasewar, K., Varma, M., Shende, D., Yoo, C., 2013b.
Ionic liquids: the novel solvent for removal of dibenzothiophene
from liquid fuel. Procedia Eng. 51, 314–317.
Dharaskar, S., Wasewar, K., Varma, M., Shende, D., Yoo, C., 2013c.
Deep removal of sulfur from model liquid fuels using 1-butyl-3-
methylimidazolium chloride. Procedia Eng. 51, 416–422.
Dumeignil, F., Sato, K., Imamura, M., Matsubayashi, N., Payen, E.,
Shimada, H., 2006. Characterization and hydrodesulfurization
activity of Co-Mo catalysts supported on boron-doped sol–gel
alumina. Appl. Catal. A 315, 18.
Earle, M., Seddon, K., 2000. Ionic liquids, green solvents for the
future. Pure Appl. Chem. 72, 1391–1398.
Faridbod, F., Ganjali, M., Norouzi, P., Riahi, S., Rashedi, H., 2011.
In: Alexander Kokorin (Ed.), Application of Room Temperature
Ionic Liquids in Electrochemical Sensors and Biosensors, Ionic
Liquids: Applications and Perspectives, InTech, ISBN: 978-953-
307-248-7.
Ferrari, M., Maggi, R., Delmon, B., Grange, P., 2001. Inﬂuences of the
hydrogen sulﬁde partial pressure and of a nitrogen compound on the
hydro-deoxygenation activity of a CoMo/carbon. J. Catal. 198, 47.
Ge, J., Zhou, Y., Yang, Y., Xue, M., 2011. Catalytic oxidative
desulfurization of gasoline using ionic liquid emulsion system. Ind.
Eng. Chem. Res. 50, 13686–13692.
Girgis, M., Gates, B., 1991. Reactivities, reaction networks, and
kinetics in high-pressure catalytic hydroprocessing. Ind. Eng.
Chem. Res. 30, 2021.
Huang, C., Chen, B., Zhang, J., Liu, Z., Li, Y., 2004. Desulfurization
of gasoline by extraction with new ionic liquids. Energy Fuels 18,
1862.
Huang, W., Zhu, W., Li, H., Shi, H., Zhu, G., Liu, H., Chen, G., 2010.
Heteropolyanion based ionic liquid for deep desulfurization of fuels
in ionic liquids. Ind. Eng. Chem. Res. 49, 8998.
Isao, M., Choi, K., 2004. An overview of hydrodesulfurization and
hydrodenitrogenation. J. Jpn. Pet. Inst. 47, 145.
Jiang, X., Nie, Y., Li, X., Wang, Z., 2008. Imidazolium based
alkylphosphate ionic liquids – A potential solvent for extractive
desulfurization of fuel. Fuel 87 (1), 79–84.
Kabe, T., Ishihara, A., Tajima, H., 1992. Hydrodesulfurization of
sulfur-containing polyaromatic compounds in light oil. Ind. Eng.
Chem. Res. 31, 1577.
Li, R., 2004. Green Solvent-Synthesis and Application of Ionic
Liquids. Chemical Industry Press, Beijing, pp. 298–300.
Liu, D., Gui, J., Song, L., Zhang, X., Sun, Z., 2008. Deep
desulfurization of diesel fuel by extraction with task speciﬁc ionic
liquids. Pet. Sci. Technol. 26, 973–982.
Lu, H., Gao, J., Jiang, Z., Jing, F., Yang, Y., Wang, G., Li, C., 2006.
Ultra-deep desulfurization of diesel by selective oxidation with
[C18H37N(CH3)3]4[H2NaPW10O36] catalyst assembled in emulsion
droplets. J. Catal. 239, 369.
Synthesis, characterization and application of 1-butyl-3-methylimidazolium tetraﬂuoroborate 587Ma, X., Sakanishi, K., Mochida, I., 1994. Hydrodesulfurization
reactivities of various sulfur compounds in diesel fuel. Ind. Eng.
Chem. Res. 33, 218.
Muhammad, N., Hossain, M., Man, Z., Harbawi, M., Bustam, M.,
Abdulhadi, Y., Banu, N., Alitheen, M., Ng, M., Hefter, G., Chun-
Yang, Y., 2011. Synthesis and physical properties of choline
carboxylate ionic liquids. J. Chem. Eng. Data A–E 57 (8), 2191–2196.
MuMurry, J., 1992. Organic Chemistry, third ed.. Brooks/Cole
Publishing Company, Belmont.
Nie, Y., Li, C., Sun, A., Meng, H., Wang, H., 2006. Extractive
desulfurization of gasoline using imidazolium based phosphoric.
Energy Fuels 20 (5), 2083.
Nie, Y., Li, C., Wang, Z., 2007. Extractive desulfurization of fuel oil
using alkyl-imidazole solvent and its mixture with dialkylphosphate
ionic liquids. Ind. Eng. Chem. Res. 46, 5108.
Pawelec, B., Mariscal, R., Fierro, J., Greenwood, A., Vasudevan, P.,
2001. Carbon-supported tungsten and nickel catalysts for hydrode-
sulfurization and hydrogenation reactions. Appl. Catal. A 206, 295.
Sun, X., Zhao, S., 2006. [Bmim]Cl/[FeCl3] ionic liquid as catalyst for
alkylation of benzene with 1-octadecene. Chin. J. Chem. Eng. 14
(3), 289–293.
Tropsoe, H., Gate, B.C., Topsoe, H., 1997. Reactivities in deep
catalytic hydrodesulfurization: challenges, opportunities, and theimportance of 4-methyldibenzothiophene and 4,6-dim-
ethyldibenzothiophene. Polyhedron 16, 3213.
Tshibangu, P., Ndwandwe, S., Dikio, E., 2011. Density, viscosity and
conductivity study of 1-butyl-3-methylimidazolium bromide. Int. J.
Electrochem. Sci., 62201–62213.
Wang, J., Zhao, D., Zhou, E., Dong, Z., 2007. Desulfurization of
gasoline by extraction with N-alkyl-pyridinium-based ionic liquids.
J. Fuel Chem. Technol. 35 (3), 293–296.
Yu, G., Zhao, J., Song, D., Asumana, C., Zhang, X., Chen, X., 2011a.
Deep oxidative desulfurization of diesel fuels by acidic ionic liquids.
Ind. Eng. Chem. Res. 50 (20), 11690–11697.
Yu, G., Li, X., Liu, X., Asumana, C., Chen, X., 2011b. Deep
desulfurization of fuel oils using low viscosity 1-ethyl-3-methylimi-
dazolium dicyanamide. Ind. Eng. Chem. Res. 50 (4), 2236.
Zhou, Y., Antonietti, M., 2003. Synthesis of very small TiO2
nanocrystals in a room-temperature ionic liquid and their self-
assembly toward mesoporous spherical aggregates. J. Am. Chem.
Soc. 125, 14960–14961.
Ziyada, A., Bustam, M., Wilfred, C., Murugesan, T., 2011. Densities,
viscosities, and refractive indices of 1-hexyl-3-propanenitrile imi-
dazolium ionic liquids incorporated with sulfonate based anions. J.
Chem. Eng. Data, A–E. 56 (5), 2343–2348.
